ABSTRACT This paper proposes a fault tolerant operation of a wound field synchronous machine (WFSM) under the loss of excitation (LOE) fault in the rotor field winding. A two-mode field excitation scheme is presented, where the rotor of the WFSM was modified, and an additional harmonic winding is introduced with a rotating bridge rectifier. Mode I is the conventional direct dc supply field excitation using slip-rings and brushes, whereas mode II, is the brushless field excitation under an LOE fault, resulting in an unregulated field current. During mode II, a special coil switching is performed in the stator. Consequently, the stator winding creates an additional sub-harmonic component of the magneto-motive force (MMF) in the machine air gap along with the fundamental MMF component. The additional sub-harmonic MMF is induced in the rotor harmonic winding. A rotating diode bridge rectifier mounted on the rotor periphery rectifies the harmonic winding ac, and a stable dc was supplied to the rotor field winding. The decoupling between the additional rotor harmonic winding and stator winding is analyzed. The 2-D finite-element analysis (FEA) was performed to analyze the proposed idea. The FEA results were validated by experiments based on a 1-kW prototype.
I. INTRODUCTION
Wound field synchronous machines (WFSMs) [1] - [5] have a serious problem with respect to the rotor excitation mechanism. The brushes, slip-rings or exciter start to malfunction during extended operation as shown in Fig. 1 . Malfunctioning of any of the excitation components halts machine operation. The resulting loss of excitation (LOE) or loss of connectivity of DC supply to the rotor field winding can be a disaster with violent vibrations and rotor heating. To prevent the potential loss of system and equipment, and fault travel to the connected grid, protection relays are used to detect the excitation loss and bring the machine to a stop autonomously [6] - [7] . However, in small and medium synchronous machine applications where stand-alone operation is required, there is a
The associate editor coordinating the review of this manuscript and approving it for publication was Shen Yin. potential loss of productivity associated with the repair of the fault. During the repair time, the machine is unable to generate an output since the rotor field is not present on the rotor. It is even worse when relay protection sends signal to the trip circuit in false alarm conditions. The problem is conventionally dealt with by providing redundant protection and the choice of relay or protection system is crucial in this regard as discussed in [6] . Moreover, the incorporation of power flow controllers and other machine protection equipment may cause delay or false operation of the LOE relay to generate a trip signal [8] . To address this problem, the faulty machine could be utilized based on a brushless harmonic excitation technique, where the field is induced in the rotor field winding by utilizing an additional stator harmonic magneto-motive force (MMF). There are several brushless topologies available in the literature that mainly focus on brushless operation of the WFSM [9] - [17] . Brushless operation of the WFSM has been achieved by generating an extra MMF component alongside the fundamental MMF component.
Concerning brushless operation, in [10] , a self-excited three-phase brushless synchronous machine was analyzed, in which the 5 th harmonic of the MMF was utilized for a generator application. The winding arrangement and control were very simple due to the elimination of the excitation winding of the stator, which resulted in a more robust and cost-effective arrangement.
In [11] a single inverter is used to supply three-phase sinusoidal currents and consecutive switching of six extra thyristors with natural commutation create zero sequence third harmonic currents resulting in generation of a 3 rd harmonic air-gap MMF. Similarly, a 3 rd harmonic current excited machine was proposed in [12] , [13] where MMF was generated by injecting 3 rd harmonic currents in the open pattern armature windings for rotor excitation which removes the need for brushes and slip rings. However, the brushless schemes which utilize time harmonics for rotor excitation adopt complicated control for brushless operation.
In [14] - [18] , the field winding was excited by utilizing the spatially generated sub-harmonic MMF component in the machine air gap. In [14] , [15] , two inverters were used to supply different current magnitudes to two separate stator windings (ABC and XYZ winding). This arrangement produced a sub-harmonic MMF component in the air gap, which was intercepted by the same number of poles of rotor harmonic winding. Since two inverters were utilized in this brushless topology, the practicality was low given the low power density and high cost of the system for a small-medium stand-alone energy conversion application.
In [16] - [19] a single inverter with special stator winding was used for brushless operation. In [20] , a WFSM is analyzed for dual stator and dual mode operation for wide speed range operation. Nevertheless, mode changing operation was used in the machine for mainly brushless operation above base speed. The state-of-the-art literature used brushless topologies to avoid the brushes and slip rings available with the conventional WFSM at the cost of low power densities. However, brushless excitation has never been analyzed to avoid LOE fault in the WFSM.
In this paper, a fault tolerant operation of a WFSM under fault of LOE is proposed, where two modes of operation are performed. To operate the machine in two modes, the rotor of a conventional WFSM is modified and an additional harmonic winding is introduced with a rotatable bridge rectifier. Mode I is a conventional WFSM. Whereas, in mode II, the WFSM is operated when the machine is under LOE fault condition. In mode II, a coil switching operation is performed at the stator winding by detecting a field current lower than the reference value using conventional LOE relay. The relay operation signal is fed to the mode changing mechanism instead of a trip breaker. 2D finite-element analysis (FEA) is performed to predict the operation of the machine in both modes. In the end, experiments are performed to validate the FEA predictions.
II. MACHINE TOPOLOGIES WITH WORKING PRINCIPLE A. MACHINE TOPOLOGIES
The topologies for conventional WFSM (mode I) and fault tolerant (mode II) are given in Fig. 2 (a) and 2(b), respectively. The WFSM topologies have a three-phase inverter to feed current into each phase consisting of four coils, i.e., 1-4, with the same number of turns. The rotor of the WFSM has an additional harmonic winding and a field winding which is interconnected through a rotatable bridge rectifier. In mode I, the field is excited by a dc supplied by an external exciter through brushes and slip rings. The dc current is fed from a power supply with voltage less than the diode break-down voltage value. In mode II (as explained in section III), coil switching operation is performed and coils 2 and 4 in each phase are reconnected as parallel to each other to form an arrangement as shown in Fig. 2 (b). This stator winding arrangement is adopted to generate a sub-harmonic MMF component in the air gap for brushless field excitation.
B. WORKING PRINCIPLE
A 48-slot and 8-pole WFSM layout is shown in Fig. 2(c) , and the machine parameters are given in Table 1 . In the case of mode I, a balanced current is supplied by a threephase inverter to the topology shown in Fig. 2(a) . The stator winding coils in each phase are connected in series. The machine airgap MMF in mode I, ignoring higher harmonics, is given as:
The predicted machine airgap MMF (mode I) for the t = 0 is shown in Fig. 3 . Since machine operates as a conventional WFSM in mode I, a balanced airgap MMF is predicted with a frequency equivalent to that of the supply currents. When a fault occurs in any of the excitation components a LOE signal is generated and a coil switching is performed that arranges the machine topology in Fig. 2 (a) (mode I) to the machine topology given in Fig. 2 (b) (mode II). The coil switching operation is explained in next section. The machine topology in mode II as given in Fig. 2 (b) produces a subharmonic MMF component alongside the fundamental MMF in the machine air gap [9] . The predicted MMF is given as:
After simplifying (2), we have:
where the second term in (3) represents the sub-harmonic MMF component. All higher harmonics are ignored in (1), (2) and (3). The estimated airgap MMF at t = 0 in mode II is shown in Fig. 3 . The MMF pattern shows that from 0 → π/2 and π → 3π/2 radians, rated peaks of MMF were generated. The stator currents, as well as the winding function, are at rated values. Similarly, from π/2 → π and 3π /2 → 2π radians, the winding coil groups produces half of the rated MMF because the stator current is divided by 2 according to Kirchhoff's current law. The machine airgap MMF shape has a significant amount of sub-harmonic MMF alongside the fundamental MMF component. The sub-harmonic MMF induces in the rotor harmonic winding and the rectified dc current produces the rotor field flux.
III. COIL SWITCHING MECHANISM DESIGN AND OPERATION
The stator winding is wound for an 8-pole arrangement. Each phase is divided into 4 coils, i.e., B 1 , B 2 , B 3 and B 4 for phase B. The block diagram of the coil switching process with vector controlled WFSM is shown in Fig. 4 . The stator winding of the WFSM and the vector-controlled inverter are connected to the switches. There are three switches for each phase to facilitate mode change operation. The switching pattern is given in Table 2 , which shows the arrangement of the switches for each phase with both modes. It is shown that for mode I operation, the switch S1 is ON, whereas S2 and S3 are in the OFF states. After the occurrence of a fault in any part of the excitation system, the LOE relay generates a coil switching signal, where, one signal is sent to the PWM controller to halt the output current. The second signal is then sent to the stator coil switches (S1, S2, and S3) to perform the coil switching, as given in Table 2 .
The proposed coil switching strategy stops the inverter current and voltage during mode change. Therefore, transients in current and voltage are neglected in this paper.
The coil switching operation is performed as described below:
Algorithm for coil switching of WFSM under fault (Fig. 5) 1. Obtain the rotor excitation system fault information from LOE relay 2. The coil switching signal is generated 3. Inverter gating block signal is transmitted to PWM controller 4. Wait (for 5 time period) 5. Switching signal is transmitted to coils switches 6. Wait (for 5 time period) 7. Inverter gating release signal is transmitted to PWM controller Fig. 5 shows the changing mechanism of brushed excitation to brushless by using LOE relay and the ''under current moving coil relay''. The LOE relay input signals are obtained from current transformer (CT) and voltage transformer (VT) on the stator armature windings [8] . The output signal from the LOE relay is sent to coil switching generator for coils switching from series to parallel by the three switches as shown in Fig. 5 . Meanwhile the under current relay disconnects the brushed excitation source and the induced voltage in the harmonic winding is rectified and fed to the field winding for harmonic excitation.
To avoid the sudden change in the switch state which could cause an undesirable surge in the current and voltage, a relatively simple method is adopted where the inverter is momentarily suspended during coil switching. Once the desired coil switching is performed the inverter is reenabled.
IV. DECOUPLING ANALYSIS BETWEEN THE ROTOR HARMONIC WINDING AND STATOR WINDING
Since there is an extra 4-pole winding on the rotor, the harmonic winding, therefore, to check the magnetic decoupling between the 4-pole rotor harmonic winding and 8-pole stator winding and vice versa, the following analysis is performed. To verify the decoupling between the two windings [19] , [21] - [23] , a fictitious 8-pole stator (only phase-A) and 4-pole rotor harmonic winding has been considered and shown in Fig. 6 . The electromagnetic decoupling of the two windings having 4-poles and 8-poles are derived in this section.
FIGURE 6. Decoupling analysis (fictitious model).
In Fig. 6 , the stator coil pitch is 45 • degrees (8-poles), while the rotor harmonic coil pitch is 90 • degrees (4-poles). When the 4-pole harmonic flux is imposed on the 8-pole armature winding, the armature winding seems short-pitched by 180 • degrees. Hence the flux linkages of stator coils of phase-A VOLUME 7, 2019 due to rotor harmonic flux are given by
where, λ A,−A are the flux linkages on the stator each coil due to rotor harmonic flux, k w is the winding factor, N coilA number of turns of each coil with in phase A, φ h is the rotor harmonic flux. From (4), the induced EMFs in each stator coil is calculated as
where, θ m = ω m t, and ω m is the angular speed. Therefore, the total induced EMF in the coils of phase-A is
Equation (6) shows there is no mutual coupling between the rotor harmonic winding (4-pole) and stator winding (8-pole).
To verify the decoupling the FEA is performed. A 5 A dc current is applied to the rotor harmonic winding, whereas, stator winding coils are kept open. The flux linkage on the stator individual coils (phase-A) is shown in Fig. 7 , where Fig. 7(a) shows the flux linkages of phase-A coils: 1 and 3, and Fig. 7(b) shows the flux linkages of phase-A coils: 2 and 4. The Fig. 8 shows the net flux linkage due to all four coils, since each pair of coils (1, 3 and 2, 4) has the flux linkage which is out of phase by 180 • degrees therefore the net flux linkage is almost zero. The induced voltage in the coils of phase-A is shown in Fig. 9 , where Fig. 9(a) shows the induced EMF of phase-A coils: 1 and 3, and Fig. 9(b) shows the induced EMF of phase-A coils: 2 and 4. The induced EMF in phase-A is shown in Fig. 10 . It is shown that due to 180 • degrees out of phase in phase individual induced EMF the net induced EMF is almost zero. Thus, the simulation results verified that the 4-pole rotor harmonic winding and 8-pole stator winding is mutually decoupled, and do not contribute interference for each other.
V. PERFORMANCE ANALYSIS OF THE MACHINE USING FEA
A 2-D FEA was performed to verify the proposed fault tolerant operation of the WFSM. An 8-pole and 48-slot machine was considered with the parameters given in Table 1 . Initially, the machine is analyzed for no-load back-EMF in mode I, where switch S1 is ON, and S2 and S3 are OFF. The stator winding coils are connected in series in this mode. A 10 A dc field current is applied through machine brushes and slip rings. The rotor is rotated at 900 rpm. The threephase balance back-EMF is shown in Fig. 11 with a rms value of 72.80 V for each phase. Once the balanced no-load back-EMF is achieved, the stator of the machine is supplied with a balanced three-phase 5 A rms current in-phase with the back-EMF. The electromagnetic torque is shown in Fig. 12 . In the case of mode I, since the field winding of the machine is supplied via the external exciter, the rotor harmonic winding does not have any current. The field current is blocked towards the harmonic winding by the reverse bias diodes present in the rotating bridge rectifier.
The machine is analyzed in mode II by changing the stator winding as given in Fig. 2(b) . In this mode, the machine operated as a brushless WFSM. The balanced three-phase 5 A rms current at 60 Hz is applied to the stator winding of the machine. The winding arrangement was able to generate a sub-harmonic MMF component in the machine airgap alongside the fundamental MMF. The sub-harmonic MMF was induced in the same pole pitch rotor harmonic winding. The rotating rectifier rectified the harmonic winding current and a steady state dc current was applied to the rotor field winding. Fig. 13 shows the rotor harmonic and field winding currents, where, a 4.6 A rms current is induced in the rotor harmonic winding. After rectification, the rotor field winding was able to establish a 14 A dc current.
The flux density given in Fig. 15 clearly shows that the machine core is well below the maximum flux density of 2 tesla (T). Similarly, the flux line distributions in the machine core show the flux pattern in both the modes of the proposed topology. The flux density and flux line distribution pattern clearly show the different mode of operation. As explained in the section III, the modes of the machine were changed by a coil switching strategy. The air gap flux density distributions are also shown in Fig. 15 of both the modes for proposed WFSM topology. Since we know that the mode I is a brushed synchronous machine, therefore the air gap flux density distribution shows symmetrical 4-pole pairs. On the other side, in mode II, since the coils are switched for a fault tolerant operation, therefore, asymmetrical air gap flux density distribution could be observed. The asymmetrical air gap flux density distribution shows additional low frequency harmonic flux component. To check the frequency spectrum of the air gap flux density distribution, we have applied fast Fourier transform (FFT) in 2-D FEM software. The FFT result given in Fig. 15 gave us the harmonic spectra of the flux density. In mode I, the FFT analysis shows that there is a fundamental 4-pole pair component and higher order 12-and 20-pole pairs. In mode II, the FFT analysis shows that alongside 4-pole pairs fundamental flux component there is a 2-pole pairs sub-harmonic component. The 2-pole pair sub-harmonic is induced in the rotor harmonic winding and then used for field excitation in mode II. After excitation of the rotor field poles; the field flux interacted with the fundamental harmonic MMF and electromagnetic torque is generated.
The electromagnetic torque in mode I was 10.76 Nm with a torque ripple of 19.3%, as shown in Fig. 12 , whereas the electromagnetic torque in mode II was 9.67 Nm with a torque ripple of 21.2%, as shown in Fig. 14. The decrease of the torque in mode II from mode I is due to the absence of the rotor dc field current. In mode II, the rotor field current is established based on the stator input current. The torque ripple shows a 3.04% increase in mode II. This increase is mainly due to the generation of unwanted components in the flux apart from sub-harmonic and fundamental harmonic component.
VI. EXPERIMENTAL VERIFICATION
The FEA predictions highlighted in section V have been verified by experiments on a 1 kW prototype. The prototype was designed with the parameters given in Table 1 . The prototype rotor and stator with coil switching terminals are shown in Fig. 16 . The Fig. 17 shows the experimental setup. To verify the no-load back-EMF, the rotor field winding was supplied with a 10 A dc current. A prime mover (induction motor) was coupled to the prototype and was rotated at the rated speed of 900 rpm. A balanced three-phase back-EMF was induced in the prototype machine stator winding. The induced back-EMF is shown in Fig. 18 , where a rms value of 71.35 V is observed for each phase.
To operate the prototype as a conventional WFSM, a 5 A rms rated current was supplied to the stator winding and a 10 A dc current was supplied to the rotor field winding. The mode I output torque is given in Fig. 19 . The machine was able to produce 10.61 Nm of torque with a torque ripple of 20.1% at the rated speed of 900 rpm. Considering a fictitious fault created in the rotor dc field current, coil switching was performed as explained. The inverter current was temporarily turned off by the coil switching control signal. Once the coil switching was performed, the inverter was turned on again. The generated sub-harmonic MMF, as explained in the previous sections, was collected by the rotor harmonic winding and after rectification, a dc current was established in the rotor field winding. Since we did not have any mechanism to observe the rotor harmonic and field currents during the shaft rotation in mode II, therefore, the harmonic induction was verified by the shaft torque. The output torque is shown in Fig. 20 . It is shown that a 9.54 Nm torque with a 23.7% torque ripple is achieved at a rated speed of 900 rpm. Since the inverter currents, during coil switching process, were temporary suspended therefore transients were not created in the phase currents and voltages during the mode change. A comparison between the FEA and experimental results for both modes is shown in Table 3 . It is shown in Table 3 that when the machine operates in mode II due to fault in the excitation system, a 10.13% decrease in the output torque is observed.
VII. CONCLUSION
The paper presented the results of a wound field synchronous machine (WFSM) in two modes. Mode I was conventional WFSM, whereas, the machine under loss of excitation (LOE) fault was analyzed in mode II. The LOE fault was avoided by using a stator coil switching technique, where machine was operated as a brushless excited WFSM. A decoupling analysis was conducted and verified between the additional rotor harmonic winding and stator winding. The finite-element analysis was conducted on a 1-kW machine. The FEA results were validated by experiments on a prototype. The percentage decrease in the output torque of the proposed fault tolerant WFSM is 8.23% compare to a conventional WFSM due to accommodation of rotor harmonic turns in the rotor slot. In this work, off-line coil switching technique was performed, in future a more interactive on-line coil switching technique could be analyzed for a twofold advantage i.e., fault tolerant operation, and extended constant power speed range operation.
